An Ir anomaly of 61 ng/cm 2 was found in Deep Sea Drilling Project Hole 577B at the same stratigraphic level as the Cretaceous/Tertiary boundary defined by nannoplankton. This close correspondence supports the asteroid-impact theory for the Cretaceous/Tertiary boundary extinctions.
INTRODUCTION
An iridium anomaly associated with the Cretaceous/ Tertiary boundary has been identified at more than 50 sites worldwide (Alvarez et al., 1984) . The most viable explanation for this worldwide anomaly is that an asteroid or other extraterrestrial body about 10 km in diameter impacted the Earth 65 m.y. ago, exploded, and distributed a dust cloud of terrestrial and extraterrestrial material which encircled the Earth and settled in a few months. Samples from Hole 577B were examined using neutron-activation analysis (NAA) to test this prediction and to search for other geochemical anomalies that would shed light on the mechanisms of boundary deposition.
A single core containing seven sections and a core catcher was taken at Hole 577B and an intact Cretaceous/Tertiary boundary was recovered. The sediment is an undeformed white to light brown nannofossil ooze (see Site 577 chapter, this volume). The boundary region is light brown (in the midst of a slightly whiter region); this colored region extends from about Sample 577B-1-4, 58 cm to 577B-1-4, 72 cm. This boundary area is slightly firmer and more clay rich than the surrounding whiter regions.
METHODS
Continuous 1-cm samples were taken from 577B-1-4, 50 cm to 577B-1-4, 85 cm. Above and below this interval, spot samples were taken about every 5 cm. The sampling interval was increased farther from the boundary, eventually to a 50-cm interval in Sections 1 and 6 of Core577B-l.
A total of 77 samples were first dried at 110°C and then measured by high-precision methods of NAA (Perlman and Asaro, 1969) . Iridium was calibrated against the Danish boundary clay standard "DINO-1" (Alvarez et al., 1982a) . Calcium was calibrated against a primary standard, CaCO 3 . All other elements were calibrated against "Standard Pottery" (Perlman and Asaro, 1971) . Heath, G. R., Burckle, L. H., et al., Init. Repts. DSDP, 86 : Washington (U.S. Govt. Printing Office).
2 Addresses: (Michel, Asaro, L. Alvarez) Lawrence Berkeley Laboratory, University of California, Berkeley, CA 94720; (W. Alvarez) Department of Geology and Geophysics, University of California, Berkeley, CA 94720.
The data from the NAA are shown in Table 1 . The listed errors are one sigma values of the counting error or 1%, whichever is larger, and are about equal to the precision of measurement.
The iridium near the boundary (Samples 577B-1-4, 56 cm to 577B-1-4, 77 cm) could be measured precisely without any postirradiation chemistry. Farther from the boundary (as the level of Ir dropped), high temperature radiochemical separations were made in order to purify the Ir fraction without adding Ir carrier. In our procedure (which was inspired by the work of Rammensee and Palme, 1982 ) the same samples used for the regular NAA measurements (which each contained 100 mg of rock and 50 mg of cellulose binder) were heated to 1000°C in an oxidizing atmosphere to remove CO 2 and oxidizable carbon. The residues were then each mixed in a boron nitride crucible with 200 mg of powdered Fe, 100 mg of Hawaiian basalt (which served as a silicate flux), and a few milligrams of graphite (which provided a reducing environment). The crucibles (which were covered with a graphite plate) were slowly brought up to a temperature of 1477°C in a Deltech furnace under an argon atmosphere. The furnace was held at that temperature for 1 hr. and then slowly cooled. The slow speed was necessary to prevent the mulite dome, which permitted the controlled atmosphere, from fracturing.
The iron fraction in each crucible was in the form of a ball imbedded in a silicate glass. Each crucible was crushed, and the Fe ball was removed and then cleaned of residual glass with pliers. In the oxidizing firing step, the yield of Ir and other elements was 99 ± 1%. In the reduction firing step the yields were 100.0 ± 0.2, 99.85 ± 0.01, and 98.6 ± 0.2% for Ir, Co, and Fe radioactivities, respectively. Only 0.1 to 1% of the lithophile elements in the whole rock samples was extracted with the iron fraction.
This procedure provides a quantitative method of separating Ir radioactivity from the intense lithophile element radiations produced in NAA without adding Ir carrier, which can enhance the risk of laboratory contamination with Ir. The limits of detection for Ir were lowered to -0.015 ppb for each sample, with a 1-day measurement time. As these low concentrations were considered to be background level Ir, four or more samples were analyzed simultaneously, resulting in a detection limit of 0.007 ppb in a 1-day measurement for highly calcareous samples.
RESULTS

Iridium Abundances
The Ir abundance profile at Hole 577B is plotted as a function of stratigraphic position in Figure 1 . One major peak is seen (in Section 4), along with five smaller ones. To determine which of these peaks is most likely associated with an impacting meteorite and which with the normal iridium background resulting from meteorit- 4  4  4  4  5  5  5  4  4  3  3  3  3  3  3  3  3  3  3  2  2  2  2  2  3  3  3  3  3  3  3  3  3 2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  3  3  3  6  3  2  3  3  2 Tb (ppm) ic dust, the following model was used: During any brief interval of geological time, both the clay deposition rate and the Ir deposition rate from meteorite dust in the area of Hole 577B would be approximately constant. The rate of CaCO 3 deposition, however, could change as the biological productivity fluctuated or the calcite compensation depth varied. Changes in rates of CaCO 3 deposition would affect the abundances of clay and iridium, but not their ratios. For the present analysis, Fe rather than Al was taken as a measure of the clay abundance because Fe was measured with comparably high sensitivity throughout the section studied while Al was not. Ir/Fe ratios are also shown in Figure 1 . The background value is 2 × 10 ~8 in both the Cretaceous and Tertiary regions even though the Ir abundance varies by an order of magnitude. Thus, the broad Ir peak in Sections 1 and 2 (Peak E, Fig. 1 ) and the relatively sharp peak in Section 5 (Peak A, Fig. 1 ) may have been caused simply by changes in the deposition rate of CaCO 3 . On the other hand, the main Ir peak and the three smaller peaks in Section 4 (Peak B at 110 cm, Peak C at 81-83 cm, Peak D at 77-78 cm) have Ir/Fe ratios that are one to two orders of magnitude higher than background (Fig. 1) , and they should, therefore, have a different origin. The elevated tail in the lower part of Section 4 is also not likely to be due to background (Fig. 1) . The rise of the main Ir peak is steepest between Samples 577B-1-4, 74 cm and 577B-1-4, 73 cm, which is in close agreement with the location of the Cretaceous/Tertiary boundary at 577B-1-4, 72 cm defined by nannofossil studies (Site 577 chapter, this volume; Monechi, this volume) . Similar agreements between biostratigraphic and geochemically defined Cretaceous/Tertiary boundary levels (Asaro et al., 1982) have been found in many marine sections, and these would be expected from the asteroidimpact theory. The three smaller peaks below the main peak (Peaks B, C, and D in Fig. 1 ) and the elevated tail, however, should not be primary deposits in Cretaceous sediment if the asteroid-impact theory is correct.
Bioturbation can cause smearing of sharp boundaries, but it is not clear that it would produce the two well-shaped peaks (C and D) seen in Figure 1 . Also the extent of penetration of the tail into the Cretaceous sediment (over a meter) and the depth of Peak B below the main Ir distribution (38 cm) are greater than would be expected from bioturbation. Iridium in Cretaceous/Tertiary sediments is to some extent soluble in acids (L. W. Alvarez et al., 1980) and the observed tail may be due to mobility of the Ir. It is also possible that Peak B is due to contamination or to another impact (Davis et al., 1984, Whitmire and Jackson, 1984) . A method of checking some of these suppositions would be to resample the material below the sliced surface. As neither bioturbation nor contamination is likely to reproduce Peaks B, C, and D in measurements of such samples, another cause would be likely if the peaks are still observed.
Siderophile Element Abundances
Cobalt, Ni, Cr, and Fe all show abundance profiles similar to that of Ir (Table 1) near the Cretaceous/Tertiary boundary, as do the lithophile elements Al and Ta (Fig. 3) . The Ni/Ir ratio is about a factor of 3 lower than the chondritic value and the Cr/Ir ratio is about a factor of 1.5 lower.
At Stevns Klint, Denmark and at Deep Sea Drilling Project (DSDP) Hole 465A in the Central Pacific Ocean, siderophile elements measured have ratios consistent with mixtures of terrestrial and meteoritic (chondritic) components (F. Asaro, W. Alvarez, H. V. Michel, L. W. Alvarez, M. Kastner, and J. Thiede, unpubl. data). The anoxic environment in which sediments from these sections were deposited may have preserved the ratios of these siderophile elements, as these elements form insoluble sulfides.
Sulfur was not measured in the Hole 577B sediments. As none of the sediments contain measurable amounts of Se (<0.7 ppm), which is normally associated with sulfide deposits, the environment of deposition at Site 577 was probably not anoxic, and some siderophile elements may have been lost during diagenesis.
Rare-Earth Patterns
Hole 577B rare-earth element abundance patterns divided by the chondritic values (Masuda et al., 1973) are shown in Figure 2 . The large negative Ce anomaly (characteristic of seawater) indicates that the predominant rare-earth elements were originally dissolved in seawater. As seen in Figure 3 , Ce (over and above the amount that is associated with Sm in the region directly above and below the boundary) has the same abundance profile as Ir in the boundary region. This excess Ce may be due to a detrital component from the impact site. In addition to excess Ce, the ratio of heavy to light rare-earth elements is smaller in the Ir-rich region than above and below this region. Barker and Anders (1968) About half of this Ir was attributed to an extraterrestrial source and half to sources independent of the deposition rate, but the uncertainties were such that all of the Ir could have come from the extraterrestrial source. Kyte and Wasson (1982) found a somewhat higher abundance of Ir, when normalized to the same deposition rate. With the Barker and Anders (1968) maximum Ir deposition value, a 1.9 m/m.y. average sedimentation rate given in the Site 577 chapter (this volume) for the Cretaceous/Tertiary boundary region, and a density of 0.8 g/ cm 3 , the background Ir should be about 46 ppt. This is consistent with the present work as it is about midway between the highest (73 ppt) and lowest (10 ppt) values of the measured Ir background. Assuming the Barker and Anders (1968) maximum meteorite Ir deposition rate and a density of 0.8 g/cm 3 , the rate of sedimentation at any stratigraphic level in this section, where the "background" Ir abundance from normal meteoritic dust can be measured, would therefore be 46 (m/m.y.)/background Ir abundance (ppt).
DISCUSSION
Sedimentation Rate
Integrated Amount of Ir
If the products of the Ir abundance in each stratigraphic interval and the stratigraphic height of the interval are summed over the boundary region, and a background of 0.015 ppb times the total stratigraphic height is removed, and the net value is multiplied by a density of 0.8 g/cm 3 , there are found to be 61 ng/cm 2 of anomalous Ir in the boundary region. This is comparable to the average amount found at other studied Cretaceous/ Tertiary sections worldwide (50 ng/cm 2 ) (W. Alvarez et al., 1982b) . 
CONCLUSION
The Ir anomaly predicted by the asteroid-impact theory was found in the Cretaceous/Tertiary boundary region of Hole 577B and its magnitude was 61 ng/cm 2 . The sharp rise of the main Ir peak occurs within 2 cm of the Cretaceous/Tertiary boundary as defined by nannoplankton (Monechi, this volume). Five other small Ir peaks as well as an elevated tail are also observed near the main Ir peak. Two of the small peaks are probably related to changes in the CaCO 3 deposition rate, while two others and the elevated tail may be due to perturbations of the main peak. One small Ir peak remains unexplained. Siderophile element (Cr/Ir and Ni/Ir) ratios are somewhat different from chondritic values in the Cretaceous/Tertiary region, but this may be due to loss of elements in the oxidizing marine environment.
